Abstract Despite the economic importance and longstanding worldwide commercialization of representatives of the Beaucarnea lineage, it remains poorly known systematically. One of the main systematic problems is lack of certainty regarding the validity of the genus itself. Some authors consider Beaucarnea a synonym of its close relative Nolina, whereas others consider Beaucarnea a distinct genus. In addition to the Beaucarnea vs. Nolina controversy, the boundary between Beaucarnea and Calibanus is an issue that has not yet been addressed. Here we show that Beaucarnea is a well-supported entity, distinct from Nolina on molecular and morphological grounds. Additionally, we demonstrate the absence of reciprocal monophyly between Beaucarnea and Calibanus and formally include Calibanus within Beaucarnea. These decisions were based on maximum parsimony, Bayesian, and maximum likelihood analyses of datasets including ten species of Beaucarnea, two species of Calibanus, six species of Nolina, and five species of Dasylirion, with sequences from the nuclear ITS and plastid trnL-F and ycf1 regions. Our taxonomic decisions were also based on morphological observations of herbarium specimens and on the literature. We illustrate the diagnostic features of the genera with phylogenetic character mapping. Finally, we offer a redescription of Beaucarnea to accommodate the former Calibanus species and give a key to the taxonomically valid Beaucarnea species.
INTRODUCTION
Beaucarnea Lem. species, commonly known as ponytail or elephant foot palms, are among the most charismatic of houseplants. They are well known because of their massive trunks, greatly swollen at the base, and their ponytail-like sprays of leaves ( Fig. 1) . At least seven species are endemic to Mexico, where they occur in very restricted semiarid and dry tropical areas. The other three species reach Central America (Rose, 1906; Hernández, 1993a; Lott & García-Mendoza, 1994; Rivera-Lugo & Solano, 2012) . Some species were introduced to cultivation in Europe in the mid-nineteenth century (Lemaire, 1861; Baker, 1872; Gillot, 2009) , and are now commercialized worldwide. Surprisingly, despite the long history of horticulture of these economically important plants, little work has been carried out regarding their systematics. As a result, many taxonomic problems persist in the genus, including the validity of the genus Beaucarnea itself.
Clarifying the relationships and diagnostic features of genera, especially of economically important ones such as Beaucarnea, is one of the central aims of plant systematics. That Beaucarnea is not considered a valid genus has potentially important consequences. Most species are in danger of extinction because of the nursery trade (e.g., Cardel & al., 1997) , and any attempt to conserve and manage them is hindered without a clear knowledge of their taxonomic circumscription. That the species are simply a few of many species of Nolina Michx., which is widespread in North America, versus a unique and geographically restricted lineage with few highly threatened species, is an important distinction under Mexican conservation law (SEMARNAT, 2010) . Whatever its source, the confusion regarding the distinctness of the genera and their diagnostic features is real, and has manifestations in both the scientific and commercial treatment of the genera.
To help disentangle this confusion, we address three taxonomic issues. We first test the validity of the genus Beaucarnea, given that many recent broad phylogenetic studies of monocotyledons have considered Beaucarnea a synonym of Nolina (Chase & al., , 2009 Yamashita & Tamura, 2000; APG II, 2003;  Molecular phylogenetics and morphology of Beaucarnea (Ruscaceae) as distinct from Nolina, and the submersion of Calibanus into Beaucarnea Vanessa Rojas-Piña,1 Mark E. Olson,1 Leonardo O. Alvarado-Cárdenas2 & Luis E. Eguiarte3 Kim & al., 2010; Seberg & al., 2012) . Here we clarify the boundaries between Beaucarnea and Nolina. Second, we compare Beaucarnea and Calibanus Rose, because recent discoveries of new species (Hernández & Zamudio, 2003) have highlighted a continuum of morphological variation between the genera, blurring the traditional boundaries between them. Finally, we explore species circumscriptions within the BeaucarneaCalibanus clade in the first phylogenetic hypothesis proposed to date based on molecular data.
To test the monophyly of Beaucarnea, Calibanus, and Nolina, we carried out maximum parsimony, Bayesian, and maximum likelihood phylogenetic analyses based on the nuclear ITS region and two plastid markers, trnL-F and ycf1. We included ten species and two putative species of Beaucarnea, two species of Calibanus, five species of Dasylirion Zucc., and six species of Nolina. We included samples of Dasylirion because it is closely related to the other three genera (Hernández, 1993a; Eguiarte & al., 1994; DNA extraction, amplification, sequencing, and alignment. - We obtained DNA from nitrogen frozen leaf tissue using DNeasy Plant Mini Kits (Qiagen, Valencia, California, U.S.A.), following the manufacturer's protocol. We performed polymerase chain reactions (PCR) using a thermal cycler (DNA Engine, Peltier Thermal Cyclers, Bio Rad, Hercules, California, U.S.A.).
We amplified the nuclear region ITS1-5.8S-ITS2 using the primers AB101 and AB102 (Douzery & al., 1999) . For trnL-F we used the primers B49317 and A50272, and for sequencing we added the internal primers A49855 and B49873 (Taberlet & al., 1991) . These primers include the intron trnL(UAA), and the intergenic spacer between the trnL(UAA) 3′ exon and the trnF(GAA) intron. For the chloroplast open reading frame (ORF) ycf1 we used the primers 1F and 1200R (Neubig & al., 2009 ). This ORF is the second-longest in the plastid genome with 5500 bp (Raubeson & Jansen, 2005) . Because of its length, we only amplified approximately 1000 bp of the 3′ end.
PCR reactions used the following quantities: 10-100 ng of template DNA, 3-5 µl 10× PCR buffer, 6-10 µl 5× Q-solution, 0.6-1 µl of 25 mM MgCl 2 , 1.2-1.5 µl of 10 mM dNTP mix in an equimolar ratio, 0.6-1 µl each of 10 µM primers, and 0.25-0.3 µl units of Taq polymerase. All reagents were Qiagen except for the dNTP-mix from Invitrogen (Foster City, California, U.S.A.). We used the following PCR cycling conditions for ITS1-5.8S-ITS2: 94°C, 2 min; 35× (94°C, 40 s; 48°C-60°C, 1 min; 72°C, 1 min); 72°C, 3 min. PCR cycling conditions for the plastid region trnL-F were as follows: 94°C, 2 min; 35× (94°C, 1 min; 55°C, 1 min; 72°C, 2 min); 72°C, 5 min. Finally, for the plastid ycf1 we used a "touchdown" protocol as follows: 94°C, 3 min; 8× (94°C, 30 s; 60°C-51°C reducing 1°C per cycle, 1 min; 72°C, 3 min); 30× (94°C, 30 s; 50°C, 1 min; 72°C, 3 min); 72°C, 3 min.
We visualized PCR products on 1% agarose gels using a UV transilluminator (Kodak EDAS 290). We purified and sequenced products at the University of Washington HighThroughput Genomics Unit (http://www.htseq.org). We edited and assembled sequences using Sequencher v.4.8 (Gene Codes, Ann Arbor, Michigan, U.S.A.). We aligned the sequences using Se-Al v.2.0a11 (Rambaut, 2002) , aligning sites based first on their similarity, understood as base identity, and then based on their topological connectivity to invariant adjacent sequences (Patterson, 1982) . Varying sites and indels were aligned only with reference to topological connectivity, minimizing the number of evolutionary events implied. GenBank accession numbers are given in Appendix 1.
Molecular data analyses. -We performed maximum parsimony (MP), Bayesian posterior probability, and maximum likelihood (ML) analyses of the regions individually and in combination. For our Bayesian and ML analyses, we first determined the model of evolution that best fit each dataset using jModelTest v.0.1.1 (Posada, 2008) .
We performed MP analyses using PAUP* v. 4.10 (Swofford, 2002) for each region separately and for all regions combined. We carried out heuristic searches with TBR branch swapping and 1000 replicates of random stepwise additions, saving 10 trees per replicate. All characters were unordered and had equal weight. We measured support for reconstructed clades using 1000 bootstrap (BP) replicates (Felsenstein, 1985) , with the starting tree generated by simple addition and tree bisectionreconnection branch swapping. We performed Bayesian analyses using MrBayes v.3.1.2 (Ronquist & Huelsenbeck, 2003) on XSEDE (Extreme Science and Engineering Discovery Environment) through the CIPRES Science Gateway v.3.1. (http:// www.phylo.org/sub_sections/portal/; Miller & al., 2010 ) under the optimal model of evolution for each dataset. For the combined datasets, we analyzed each partition individually under their best-fitting model. We ran two simultaneous analyses for 2 × 107 generations, saving one tree every 200 generations. Each analysis included 4 simultaneous Markov chains, and started from random trees. Aside from the model, generation time, and heating parameter, which was set to 0.001 for the cold chain to fluctuate randomly within a more or less stable range, all other settings were default. We visually determined that the two runs converged on a stationary distribution when the average standard deviation of split frequencies was > 0.001, and determined that we had a good sampling of the posterior probability distribution when we saw no trend in the log likelihood values plot, and when the potential scale reduction factor reached ≈ 1.0. We visually evaluated that analyses had reached stasis after the 25% burn-in with Tracer v.1.5 (Rambaut & Drummond, 2009 ). We discarded 25% of the trees obtained during the first 20 million generations, and with the remaining trees we calculated the posterior probabilities (PP), and obtained a consensus tree. We performed ML analyses using RAxML-HPC2 on XSEDE (v.7.4.2) through the CIPRES Science Gateway v. 3.3 (Miller & al., 2010) . The analysis of each dataset was performed under the GTR + G model. The analysis with the concatenated datasets was also performed under the GTR + G model, but considering each partition as independent. We estimated bootstrap support (MLBP) values from 1000 random replicates.
Morphological observations. -To identify characters diagnostic of each genus, and to determine the similarity or lack thereof between Beaucarnea and Nolina, and between Beaucarnea and Calibanus, we analyzed variation in vegetative and reproductive characters among 165 specimens of Beaucarnea, Calibanus, Dasylirion, and Nolina from the following herbaria: CAS, F, GH, LL, MEXU, MICH, MO, NY, TEX and US (Appendix 2). Type material was analyzed from herbaria when possible, or from JSTOR Global Plants (http://plants.jstor.org).
We analyzed the habit, leaves, inflorescences, flowers, fruits, and habitat for diagnostic differences between the genera. A detailed description of each character and variation among genera is given in the Results section. We complemented our data with morphological and ecological information from the literature (Lemaire, 1861; Rose, 1906; Trelease, 1911; Hernández, 1992 Hernández, , 1993a Hernández, , b, 2001 Bogler, 1998a, b; Hernández & Zamudio, 2003) . We selected the most important diagnostic characters to trace them on the phylogenetic hypothesis that best represents the relationships between genera. We individually mapped the diagnostic characters using Mesquite v.2.75 (Maddison & Maddison, 2011) on the strict consensus tree of the concatenated datasets derived from the maximum parsimony analysis.
RESULTS

Sequences
The length of the ITS multiple alignment was 805 bp. The other five clades were recovered as a group, but its internal relationships were unresolved in the MP analysis (Electr. Suppl.: Fig. S1 ). However, the ML and Bayesian analyses recovered the "gracilis" and "recurvata" clades as sister (MLBP = 72%; PP < 0.90), with the "calibanus" clade as sister to both (MLBP = 83%; PP = 0.95) (Fig. 2) .
The plastid analyses (not shown) recovered some well-to medium supported clades, which were also recovered with the nuclear data. These clades are highlighted with solid gray lines for trnL-F, and dashed lines for ycf1 in Fig. 2 . For example, we recovered the "recurvata" clade (BP = 65%; MLBP = 73%; PP = 0.99), and the "gracilis" clade (MLBP = 50%) with the trnL-F analyses, although with low support values. We also recovered B. compacta and C. glassianus as a group with both plastid partitions (trnL-F: BP = 65%; MLBP = 62%; PP = 0.99; ycf1: BP = 63%; MLBP = 69%; PP = 0.99). We recovered B. purpusii and B. hiriartiae as sister with the trnL-F analyses (BP = 62%; MLBP = 76%; PP = 1.0), and the "southern" clade with both plastid partitions (trnL-F: MLBP = 68%; PP = 0.72; ycf1: BP = 64%; MLBP = 100%; PP = 0.99). Finally, with the plastid trnL-F we recovered Dasylirion as monophyletic (BP = 56%; MLBP = 71%; PP = 1.0), and with the ycf1 Bayesian analysis we recovered Nolina as monophyletic (PP = 0.75). Bootstrap and PP values supporting each clade derived from nuclear and plastid datasets of MP, ML, and Bayesian analyses are shown in Table S2 (Electr. Suppl.).
Concatenated datasets. -The MP, ML, and Bayesian topologies derived from the combined nuclear and plastid datasets were congruent with one another ( Fig. 3 ; Electr. Suppl.: the "southern" clade, whereas the Bayesian topology recovered B. stricta as sister to the "southern" clade ( Fig. 3 , highlighted with gray arrows). Additional differences were the unresolved positions of the "calibanus", "gracilis", and "recurvata" clades in the MP topology (Electr. Suppl.: Fig. S2 ), which were resolved in the ML and Bayesian topologies (Fig. 3) .
The three analyses recovered Beaucarnea as paraphyletic (BP = 99%; MLBP = 99%; PP = 1.0), with Calibanus nested within Beaucarnea (BP = 95%; MLBP = 90%; PP = 0.99), and Dasylirion (BP = 100%; MLBP = 100%; PP = 1.0) and Nolina (BP = 94%; MLBP = 86%; PP = 1.0) as monophyletic ( Fig. 3) , as in the nuclear analyses. Within the B-C complex, we recovered six main clades. The "recurvata" clade was well supported (BP = 95%; MLBP = 99%; PP = 1.0), and within it we recovered the putative species B. sp1 as sister to B. sanctomariana (BP = 62%; MLBP = 97%; PP < 0.90), with these two Isthmian entities forming a clade sister to B. recurvata in the ML and Bayesian analyses. The "gracilis" clade was well supported (BP = 64%; MLBP = 88%; PP = 0.92), and was sister to the "recurvata" clade, although this association was weakly supported (BP < 60%; MLBP < 60%; PP < 0.90). Within the "calibanus" clade we recovered B. compacta and C. glassianus as a group (BP = 86%; MLBP = 98%; PP = 0.98), with C. hookeri from Hidalgo as its sister taxon (BP < 60%; MLBP = 89%; PP = 1.0), and C. hookeri from San Luis Potosí and Guanajuato as sister to the rest (BP = 95%; MLBP = 98%; PP = 1.0). This species group was well supported and was completely nested within Beaucarnea (BP = 74%; MLBP = 90%; PP = 0.99). Beaucarnea purpusii, B. hiriartiae, and B. sp2 were recovered as a well-supported clade (BP = 78%; MLBP = 85%; PP = 1.0), here referred as the "purpusii" clade. These results were different from the nuclear analyses, in which B. sp2 was recovered as sister to B. stricta. Within the "purpusii" clade we recovered B. purpusii (BP = 64%; MLBP = 98%; PP = 0.90) and B. hiriartiae (BP = 87%; Table S2 (Electr. Suppl.).
Morphological observations
The valid genera can be clearly distinguished based on reproductive and vegetative morphological characters (Figs. 1, 4-7). The morphological matrix used to trace the diagnostic characters onto the MP tree is given in the Electr. Suppl.: Table  S3 . We detail the distinctive features of the valid genera here (summarized in Fig. 8 ), as well as the non-distinctiveness of Calibanus from Beaucarnea.
Habit. -The four genera have similar habits, but all have readily recognizable attributes useful in their identification. Beaucarnea species are mostly arborescent, and they are easily distinguished from the other genera because of their massively swollen bases (Figs. 1C-L, 4A), and because most species reach greater heights (5-8(-18 ) m). Beaucarnea compacta is the exception regarding height, because it is less than 1 m tall (Fig. 1C) . Calibanus glassianus, one of the two species of Calibanus, resembles Beaucarnea compacta in its aboveground globular to conical stem (Fig. 1B) . The other species of Calibanus, C. hookeri, has an underground or semiunderground globular stem (Figs. 1A, 4B ). Nolina has a wide range of habits. Nolina species can be acaulescent, shortly caulescent, or arborescent. Arborescent species of Nolina, such as N. parviflora (Kunth) Hemsl. (Fig. 4C) , resemble Beaucarnea, except for the greatly swollen bases characteristic of Beaucarnea. One of the diagnostic characters of the Beaucarnea + Calibanus complex are thus their massively swollen stem bases (Fig. 8) .
Regarding Dasylirion, most species have shortly caulescent habits, but at least one species, D. simplex Trel., is acaulescent. Caulescent species of Dasylirion are easily identified because of their cylindrical and sparingly branched caudex (Fig. 4D) . This feature can be considered diagnostic of Dasylirion (Fig. 8) .
Bark. -The outer bark or phellem is useful in the identification of the genera. In Beaucarnea it is smooth or tessellated, sometimes forming irregular grooves along the length of the stem (Figs. 1C-L, 4A). Calibanus also has tessellated bark (Figs. 1A-B, 4B), and in Nolina, the bark is conspicuously tougher than in Beaucarnea, and tends to form irregular longitudinal grooves in arborescent species, rather than geometric patterns (Fig. 4C) . In Dasylirion, the cylindrical caudex of caulescent species is completely covered by a layer of abundant persistent leaf bases (Fig. 4D ). This characteristic is very useful in distinguishing Dasylirion from the other three genera (Fig. 8) .
Leaves. -Features of the leaf margin, leaf apex, leaf grooves, and leaf surface are useful characters in the identification of specimens at the generic level. The four genera have leaves in dense terminal rosettes. Blades are long linear, acicular to ensiform, or quadrangular as in Dasylirion longissimum Lem. Beaucarnea and Calibanus have leaves with microserrulate margins and entire leaf apices (Electr. Suppl.: Fig. S3A,  a-b) . In Nolina, the leaf margin is entire, filiferous, or serrulate, and the leaf apex is entire or lacerate (Electr. Suppl.: Fig.  S3A, c) . Dasylirion is easily identified because most species have leaf margins with prominent sharp prickles, easily seen with the naked eye, and the apices are often brush-like (Electr. Suppl.: Fig. S3A, d ). The leaf margin and apex in these genera thus provide useful diagnostic features, indicated in Fig. 8 . Leaf grooves in some species of Beaucarnea and in the two species of Calibanus are deep and armed with long epidermal papillae (Electr. Suppl.: Fig. S3B, a-b, e-f) , whereas some species of Beaucarnea have shallow grooves and lack papillae (Electr. Suppl.: Fig. S3B, c-d) . The leaf grooves in Nolina are deep and armed with tiny epidermal papillae, and in Dasylirion the leaf grooves are shallow and lack papillae or they are mostly absent.
Inflorescence. -The general morphology of the inflorescence is useful particularly for the identification of Dasylirion. The four genera have thyrses with primary, secondary, and sometimes tertiary orders (Fig. 5A) . The last unit of the thyrse is a reduced rhipidium (Fig. 5B) . In Beaucarnea, Calibanus, and Nolina (Fig. 5, i-iii) , the branches of the thyrse are considerably longer than in Dasylirion. In Dasylirion the internode between rhipidia is very short, resulting in a readily recognizable spike-like form (Fig. 5, iv) , making this condensed thyrse in Dasylirion a readily diagnostic character (Fig. 8) .
Flowers. -The attributes that best reflect the distinctness between the four genera are reproductive ones, especially those from the pistillate flowers (summarized in Table 1 ). The four genera have small hermaphroditic flowers that usually have one functional sex (Fig. 6) . They are trimerous, actinomorphic, and hypogynous, with six imbricate perianth segments that are sometimes reflexed at anthesis in the staminate flowers (e.g., Fig. 6A, i and iii) . The pistillode of the staminate flowers ranges from inconspicuous to prominent in Beaucarnea, and it is unilocular or trilocular (Fig. 6A, i) . In Calibanus and Dasylirion the pistillode is mostly inconspicuous (Fig. 6A, ii and iv) , and in Nolina it is mostly prominent and trilocular (Fig. 6A, iii) . In Beaucarnea, Calibanus, and Dasylirion the perianth segments are crenulate (Fig. 6B, i , ii, and iv), whereas in Nolina they are apically papillate (Fig. 6B, iii) . Papillate apices of perianth segments in Nolina are diagnostic (Fig. 8) . The gynoecium in Beaucarnea and Calibanus is syncarpous, fleshy, smoth and thick-walled (Fig. 6C, i-ii) . In Beaucarnea it is mostly 3-winged, and in Calibanus it lacks wings (Fig. 6C, i and ii) . In Nolina the gynoecium is semecarpous, fleshy, granular and thin-walled, and lacks wings (Fig. 6C, iii) , and in Dasylirion it is syncarpous, coriaceous, thin-walled, and 3-winged (Fig. 6C,  iv) . The thin-and granular-walled semecarpous gynoecium is diagnostic for Nolina, and in Dasylirion the coriaceous gynoecium is diagnostic (Fig. 8) . The ovary in Beaucarnea and Calibanus is unilocular with septal walls basally fused (Fig. 6C , ia, iia) and sometimes remaining well developed the length of the ovary, but never fused (Fig. 6C, ib and iib) . In Nolina the ovary is trilocular and 3-lobed with well-developed septal walls that are fused the length of the ovary (Fig. 6C, iii) . In Dasylirion the ovary is unilocular with septal walls that are reduced and thin and never fused (Fig. 6C, iv) . The trilocular ovary with welldeveloped septal walls that remain fused the length of the ovary is diagnostic for Nolina (Fig. 8) . Placentation in the four genera is basal and axile Fig. (6C, a) . The style in Beaucarnea and Calibanus is short to slightly elongate, fleshy, and bears a 3-lobed papillate stigma (Fig. 6D, i and ii); in Nolina it is short, with each carpel having its own papillate stigma (Fig. 6D, iii) ; and in Dasylirion the style is prominent, hollow infundibuliform, hyaline, and bears a 3-lobed stigma that lacks papillae (Fig. 6D,  iv) . The prominent and infundibuliform style lacking papillae is diagnostic for Dasylirion (Fig. 8) . Table 1 summarizes the comparative attributes of the flowers of the four genera.
Fruits. -The fruits in the four genera are capsules with delayed dehiscence (Fig. 7) . Beaucarnea and Dasylirion have 3-winged fruits (Fig. 7A, i, iv) , with the wings sometimes being narrow (B. compacta). The fruits of Calibanus and Nolina lack wings, but in Calibanus each carpel bears a longitudinal ridge medially (Fig. 7A, ii) , and in Nolina each carpel is inflated (Fig. 7A, iii) . The fruits in Beaucarnea, Calibanus, and Dasylirion are unilocular (Fig. 7A, i , ii, iv), and in Nolina they are trilocular (Fig. 7A, iii) . Trilocular and inflated fruits in Nolina are diagnostic (Fig. 8) . The seeds of Beaucarnea, Calibanus, and Dasylirion are 3-lobed and mostly single (Fig. 7B, i , ii, iv), whereas Nolina usually develops three spherical seeds (Fig. 7B,  iii) . The embryo in the four genera is cylindrical (Fig. 7B) . Table 1 summarizes the comparative attributes of the fruits and seeds of the four genera under study.
Habitat. -Beaucarnea covers the widest elevational range of the four genera, with species occurring from sea level to more than 2000 m above sea level in Mexico and northern Central America. However, most species occur at elevations below 1500 m in tropical deciduous forests. Species occurring at elevations above 1500 m, such as B. purpusii, B. gracilis, and B. stricta, occur in Mexican xerophytic scrubs. Calibanus also occurs in xerophytic scrubs at elevations between 1000 and 2300 m. Nolina and Dasylirion are mostly characteristic of elevations above 1500 m in the tropical areas where they broadly overlap with Beaucarnea. In tropical Mexico they grow in arid mountainous regions, but can reach into relatively low-lying areas in the northern parts of their range in the United States.
DISCUSSION
Generic-level analyses. -The controversy regarding the distinctness of Beaucarnea and Nolina is a century-old one, and has had repercussions on the conservation and management of these plants. It has also affected recent phylogenetic studies of the group. Our molecular phylogenetic analyses, with 24 samples including ten Beaucarnea species plus two putative species, and six species of Nolina, were consistent regarding the distinctness of these two genera, but also regarding the lack of distinctness between Beaucarnea and Calibanus. Beaucarnea plus Calibanus was supported as a clade sister to Dasylirion, and Nolina was supported as monophyletic (Figs. 2-3; Electr. Suppl.: Figs. S1-S2). Our results suggesting the mutual monophyly of these genera are therefore in agreement with previous studies based on molecular data that included more than one species of Beaucarnea and Nolina (Eguiarte & al., 1994; , 1996 . Other phylogenetic studies, which considered Beaucarnea a synonym of Nolina, recovered Nolina as the sister taxon to either Calibanus or Dasylirion Chase & al., 1995 Yamashita & Tamura, 2000) . Because no sample other than "Nolina recurvata" (= B. recurvata) was included in these studies, the relationships between Beaucarnea and Nolina could not be confirmed.
Our morphological observations were in agreement with our molecular results and confirm the distinctness of Beaucarnea and Nolina (Figs. 4-8 why Beaucarnea has been considered a synonym of Nolina is the mistaken notion of Beaucarnea as having a trilocular ovary (Baker, 1872 (Baker, , 1881 Watson, 1879; Hemsley, 1882 Hemsley, -1886 . However, our observations confirm Beaucarnea as unilocular (Fig. 6C, ib) . In addition to the unilocular vs. trilocular statuses of Beaucarnea and Nolina, we found other important reproductive differences between these two genera. For example, Nolina has a semecarpous gynoecium with three partly fused ovaries, each with its own stigma and style (Fig. 6C-D, iii) , whereas Beaucarnea has a syncarpous gynoecium with three completely connate ovaries, styles, and stigmas ( Fig. 6C-D, i) . The gynoecium in Nolina is fleshy, thin-and granular-walled (Fig. 6C,  iii) , and the perianth segments have papillate tips (Fig. 6B, iii) , whereas in Beaucarnea the gynoecium is fleshy, thick-, and smooth-walled (Fig. 6C, i) , and the perianth segments have nonpapillate tips (Fig. 6B, i) . Fruits of Nolina are inflated, 3-lobed and lack wings (Fig. 7A, iii) , whereas fruits of Beaucarnea are non-inflated and 3-winged (Fig. 7A, i) . Finally, the seeds of Nolina are circular in cross section (Fig. 7B, iii) , whereas in Beaucarnea they are 3-lobed in cross section (Fig. 7B, i) . Our morphological observations in the context of our molecular hypotheses provide strong evidence to support Beaucarnea as an entity distinct from Nolina (Fig. 8) . These results are of interest from the point of view of plant biogeography as well as on conservation and economic grounds. Our results highlight that Beaucarnea, whose species are all highly threatened, is a morphologically unique, highly geographically restricted lineage. Even though many of the plants commercialized come from greenhouses, many others are illegally extracted from habitat. Recognizing Beaucarnea as valid is the first step in the effective conservation and management of these species. In contrast to the strong evidence supporting Beaucarnea as distinct from Nolina, we found no evidence to consider Beaucarnea and Calibanus as distinct. Our analyses recovered Calibanus nested within Beaucarnea (BP ≥ 74%; MLBP ≥ 83%; PP ≥ 0.95) (Figs. 2-3 , Electr. Suppl.: Figs. S1-S2). These findings were supported by our morphological observations. The gynoecium in both genera is semecarpous with three partly fused ovaries, each with its own stigma and style (Fig. 6C-D , i-ii) . It is also unilocular, has thick but smooth walls, and the septal walls are basally fused (Fig. 6C, i-ii) . Also, the perianth segments in both genera are entire and do not have papillate tips (Fig. 6B, i-ii) . The general morphology of Beaucarnea compacta and Calibanus glassianus is also very similar (Fig. 1B-C) . The main morphological difference we found between Beaucarnea and Calibanus was the 3-sided ovary of Beaucarnea vs. the 6-lobed ovary of C. hookeri (Fig. 6C, i-ii) , and the fruit ornament. Unlike Beaucarnea, Calibanus has fruits that lack wings, though C. glassianus has fruits with ridges (Hernández & Zamudio, 2003) . These ridges likely represent reduced wings that are simply further reduced in C. hookeri (Fig. 7A) . See Fig. 8 for the unique combination of character states that diagnose the B-C complex.
Based on our molecular results and morphological observations, we formally include Calibanus in Beaucarnea. Maintaining both genera would require recognition of manifestly paraphyletic groups. Alternatively, we would need to consider the erection of multiple genera, at least one from each of the major clades within the Beaucarnea-Calibanus clade. By far the simplest way of resolving this paraphyly is to include Calibanus in Beaucarnea (see the Taxonomy section).
With respect to Dasylirion, we found it to be monophyletic with high support values, and recovered it as sister to the Beaucarnea-Calibanus complex in all partitions except for the plastid ycf1 (Figs. 2-3 ; Electr. Suppl.: Figs. S1-S2 ). The genus is readily recognized given that at least 8 of 16 morphological features examined here are diagnostic for Dasylirion (Fig. 8) .
Species-level analyses. -The present study contributes the first phylogenetic hypothesis of Beaucarnea based on molecular data. One previous phylogenetic hypothesis has been proposed based on morphological characters, though it was never published (Hernández, 1993a) . Also, two sections of Beaucarnea have been proposed based on broad morphological characters (Trelease, 1911) . We will contrast these two previous proposals with the results obtained in this study. Unless specified, we base our further discussion on the concatenated analysis derived from the maximum likelihood (ML) analysis, which differed from the Bayesian hypothesis only in the position of B. stricta (Fig. 3) , and from the parsimony hypothesis in the unresolved position of some clades (Electr. Suppl.: Fig. S2 ).
Within the Beaucarnea-Calibanus complex, we recovered six major clades, the species of which grow mainly in two contrasting habitat types, relatively dry and relatively moist. The "southern" and the "recurvata" clades are found in moister and less extreme environments than the other four clades. The species of the "southern" and "recurvata" clades share some morphological characters, which may be adaptations to their relatively moist environments. For example, they have slender stems and branches, smooth bark, recurvate green leaves, shallowly sunken stomata, and glabrous leaf grooves. These tall habits, ample leaf area, and relatively exposed stomata seem congruent with their relatively moist forest habitat. The other four clades, the "gracilis", "calibanus", "purpusii", and "stricta" clades, grow in drier environments, such as xerophytic scrubs and tropical deciduous forests. These species share some morphological characters that may be adaptations to drier environments with more marked extremes of temperature and drought. For example, they tend to have robust stems and branches, thick and tesselated bark, nearly straight glaucous leaves, papillate grooves, and deeply sunken stomata. Most of these features would plausibly seem to reduce water loss during prolonged dry seasons.
Based on some of these morphological characters, Trelease (1911) proposed two infrageneric divisions for Beaucarnea, Beaucarnea sect. Beaucarnea and Beaucarnea sect. Papillatae (Trel.) Thiede. In the section Beaucarnea Trelease (1911) placed B. recurvata, B. inermis, B. pliabilis, B. guatemalensis, and B. goldmanii. In the section Papillatae Trelease (1911) placed B. stricta, including B. purpusii, and B. gracilis. Below, we contrast each clade recovered in the present study with Trelease's subdivisions to determine whether each should be considered valid. We also contrast our results with those of Hernández (1993a) .
The "southern" clade. -Made up of B. goldmanii, B. pliabilis, and B. guatemalensis, the "southern" clade is a well-defined group. We recovered this clade with high support values in the nuclear, plastid, and concatenated analyses ( Figs. 2-3 ; Electr. Suppl.: Figs. S1-S2). These findings are in agreement with Hernández (1993a) , who recovered this group as monophyletic based on vegetative and reproductive characters (Electr. Suppl.: Fig. S5 ), but in disagreement with Trelease (1911) . Trelease (1911) placed the species of the southern clade, along with B. recurvata and B. inermis, in Beaucarnea sect. Beaucarnea, because of their similar morphology. They all have slender branches, recurvate green leaves, and glabrous grooves, except for B. guatemalensis, which has papillate blades, though its papillae are shorter and sparser than those of the species of drier environments. Despite their gross similarity, neither molecular nor geographical information indicate a close association between B. recurvata (including B. inermis; Hernández, 1993a) and the species of the "southern" clade. Beaucarnea recurvata occurs from southern Tamaulipas to central Veracruz (Trelease, 1911; Hernández, 1993a) , and Oaxaca (Hernández-Sandoval & al., 2012) , and the species of the "southern" clade occur from south-east Mexico to Central America. The distribution of the morphological features in the "southern" and "recurvata" clades, suggest that these vegetative traits may have emerged more than once in the group, and cannot be used to reconstruct the relationships among Beaucarnea species. Instead, they seem more likely similar adaptive responses to similar environmental conditions. We conclude that Beaucarnea sect. Beaucarnea should not be considered a valid subdivision of Beaucarnea.
The "recurvata" clade. -The "recurvata" clade, made up of Beaucarnea recurvata, B. sanctomariana, and the putative species B. sp1, is a well-supported group (Electr. Suppl.: Table  S3 ), but it awaits more detailed study. Beaucarnea sanctomariana was described from the Santa María Chimalapa area on the Atlantic slope of the Isthmus of Tehuantepec in Oaxaca (Hernández, 2001) . Another name, "B. congesta" (Hernández, 1993a) , has been proposed for B. sp1, which are much larger plants collected in hills southwest of Santa María Chimalapa, on the Pacific rather than the Gulf slope, but this name was never formally published. Some specimens collected at these Pacific slope localities have also been labeled as B. stricta, and all of these specimens have, at one time or another, also been determined as B. recurvata (Hernández-Sandoval & al., 2012) . We are confident that these specimens do not belong to B. stricta. The Isthmian specimens have very long, pendent green leaves with smooth grooves, whereas B. stricta has much shorter, straight glaucous-green leaves with papillate grooves (Lemaire, 1861; Hernández, 1993a) . They also differ in habit, with B. stricta being more gracile, rarely exceeding a meter in diameter, and the Isthmian plants being very massive, often 3 m or more in diameter with the swollen portion 2 m tall and abundantly branched from the apex of the trunk. Also, our sample collected in the Isthmus of Tehuantepec, B. sp1, was recovered as sister to B. sanctomariana, and these two as sister to B. recurvata, but never as related to B. stricta (Figs. 2-3 ; Electr. Suppl.: Figs. S1-S2). Based on morphology, Hernández (1993a; Electr. Suppl.: Fig. S5) recovered B. sanctomariana,  B . recurvata, and "B. congesta" in a grade as succesive sister taxa, with "B. congesta" as sister to the "southern" clade. However, our results suggest that the "recurvata" and "southern" groups are not closely related.
The "gracilis" clade. -The different population samples of B. gracilis made up the "gracilis" clade. This clade emerged as sister to the "recurvata" clade (Figs. 2-3) . Our results are in disagreement with Trelease (1911) , who placed B. gracilis and B. stricta alone in their own section Papillatae, and with Hernández (1993a) , who, based on morphological characters, recovered B. gracilis as sister to the rest of Beaucarnea, except for B. stricta and B. purpusii, which he recovered as sister taxa. The environmental pressures in this group seem likely to determine many of the vegetative features of the species. Beaucarnea gracilis grows in drier environments whereas B. recurvata grows in moister environments, suggesting that the morphological similarity is convergent and should not be used as phylogenetic characters. Geographically, though, both B. gracilis and B. recurvata are found in the general region of the eastern Sierra Madre, so the grouping could make sense geographically.
The "calibanus" clade. -The discovery of Beaucarnea compacta and Calibanus glassianus and their morphological and geographical proximity provided strong evidence for a close phylogenetic relationship between these species, and thus between the two genera. Our molecular analyses support this close association. Calibanus was nested within Beaucarnea, and B. compacta and C. glassianus formed a well-supported group (Figs. 2-3 ). We recovered this group with high support values in each partition and in the combined data (Electr. Suppl.: Table S2 ). The lack of resolution within the B. compacta-C. glassianus group may indicate that the time from speciation between them has been short. We did not observe nucleotide divergence between any molecular partition (see Electr. Suppl.: Table S1 ), but found vegetative and reproductive differences between B. compacta and C. glassianus that are consistent with their status as distinct species.
The "purpusii" and "stricta" clades. -We tested the taxonomic circumscription of B. purpusii because its status as distinct from B. stricta is unclear. Trelease (1911) synonymized B. purpusii with B. stricta, but later Hernández (1993a) and Rivera-Lugo & Solano (2012) suggested that B. purpusii is an independent species. Today some important botanical databases still regard B. purpusii as synonym of B. stricta (Espejo & López-Ferrari, 2008 ; The Plant List: http://www.theplantlist .org, accessed 2014; Tropicos: http://tropicos.org, accessed 2014). Here we tested the circumscription of B. purpusii by including three samples of B. purpusii and three samples of B. stricta, and recovered them as separate ( Figs. 2-3 ; Electr. Suppl.: Figs. S1-S2). Beaucarnea purpusii emerged as sister to B. hiriartiae, and these two as sister to B. sp2. Rather than close to B. purpusii, B. stricta emerged as sister to the rest of Beaucarnea minus the "southern" clade (Fig. 3) . Moreover, we found conspicuous inflorescence differences between B. purpusii and B. stricta. For example, B. purpusii has very short internodes between rhipidia, and the bracteole of each node tends to be thicker and longer than in B. stricta. In contrast, in B. stricta the internodes are conspicuously longer than in B. purpusii, and the bracteole of each node tends to be thinner than in B. purpusii. Also, the inflorescence of B. stricta usually has three branching orders, whereas in B. purpusii the inflorescence has usually two branching orders. More study is needed, especially of the reproductive characters of these two species. However, based on our molecular results and morphological observations, we conclude that B. purpusii should be considered a separate species (see Taxonomy section).
With respect to the ambiguous position of B. stricta, which was recovered as sister to B. sp2 in the nuclear analyses (Fig. 2) , and as sister to Beaucarnea minus the "southern" clade in the ML concatenated analysis (Fig. 3) , it could plausibly be the product of hybridization of B. stricta with B. sp2, followed by repeated backcrossing of the hybrid with one of its parents. Virtually nothing, though, is known regarding the pollination biology of these or any other Beaucarnea species.
Regarding the plants collected in southwestern Puebla, here referred to as B. sp2, we found them to be morphologically and molecularly distinct from other Beaucarnea species. They have greatly swollen bases that abruptly taper into a slender, sparingly branched stem. The bark is gray and smooth, the leaves are green, straight, and short, and the plants are short, reaching no more than 4 m. The general morphology of these plants resembles B. hiriartiae but with a more distinctly swollen base. After analyzing the material morphologically and molecularly, we concluded that it could represent a new species. A detailed analysis of this material is in progress.
TAXONOMY
The description of Beaucarnea is updated here to reflect the inclusion of Calibanus as a result of our molecular analyses, morphological observations, and literature reviewed. We present a list of Beaucarnea species including one new combination. The types for B. gracilis, B. stricta, and B. recurvata were not designated (Lemaire, 1861) . The literature reviewed and the examination of herbarium specimens carried out in this study suggests a lack of holotypes for these species. According to Art. 9.12 of the ICN (McNeill & al., 2012) an illustration may be used as a lectotype when no isotypes, syntypes, isosyntypes or paratypes are extant. Lemaire (1861) published an illustration of B. recurvata in its protologue, so we designate that illustration as a lectotype for B. recurvata. Regarding B. gracilis and B. stricta we refrain from designating neotypes for the time being, pending a detailed search of European herbaria to be sure that there are indeed no holotypes. According to Fournier (1872: 48) , the library of Lemaire was sold and the collections dispersed. The search for this material could provide useful information regarding the type specimens or living plants Lemaire used for his descriptions. For example, Baker (1872) stated that the original plant on which Lemaire based his description of B. recurvata was from the living collection of Wilson Saunders or from the cactus house at Kew. Perhaps specimens survive there. Clearly some information is available to go on, but the matter will require detailed botanical detective work. Regarding B. hookeri, we designate as lectotype a specimen from Kew that was made in 1873 from a living plant cultivated at the cactus house. Hooker described this species from living plants he received at Kew (Hooker, 1859) , though with the misapplied name Dasylirion hartwegianum. This specimen likely belongs to one of the plants that Hooker analyzed when he described the species, as we can testify from Baker (1872: 327 Plants hermaphroditic, dioecious, or polygamodioecious, with massively swollen bases and sparse (or no) erect branches, habit arborescent to caespitose, < 60 cm to 10(-18) m tall, base conic to globose, bark smooth or squamose, branching pseudodichotomous. Leaves perennial, acicular to ensiform, rosulate, mostly terminal, straight and terminally erect to recurvate and pendent, canaliculate to striate, glabrous to minutely papillate, green to glaucous blue-green, sometimes with persistent old leaves covering the branches, margin microcrenulate to microserrulate; stomata tetracytic under stomatal crypts. Inflorescence a thyrse, branching orders primary, secondary, and sometimes tertiary, decreasing in size acropetally, last unit of the inflorescence a reduced rhipidium. Inflorescence bracts lanceolate, triangular to widely triangular, apex acuminate to long caudate, membranaceous. Bracts subtending rhipidia ovate to lanceolate, basally coriaceous. Bracteoles per flower 1, sometimes enclosing the subtended flowers, ovate, obovate, or orbicular, apex acute, truncate to rounded, margin entire to praemorse. Pedicels articulate. Flowers actinomorphic, hypogynous, perianth segments 6, basally fused, imbricate, the outer three mostly smaller, erect to reflexed, ovate to obovate, whitish to slightly tinged purple or red, midvein evident. Pistillate flowers 2-5 per rhipidium, perianth segments not reflexed at anthesis, ovary superior, pyriform, ovoid to ellipsoid, 3-lobed, sometimes 6-lobed, mostly 3-winged, 3-carpellar, unilocular, septum prominent to reduced, basally fused, ovules 6, 2 per carpel, placentation basally axile, style slightly elongate to reduced, stigma 3-lobed, papillate, exserted at anthesis, staminodes 6, sometimes exserted at anthesis. Staminate flowers 2-9 per rhipidium, perianth segments sometimes reflexed at anthesis, stamens 6, basally epitepalous, filamentous, narrowly conic, anthers versatile, dehiscence longitudinal, pistillode inconspicuous to prominent. Capsules with delayed dehiscence, ellipsoidal, orbicular or obovoid, wings present or absent. Seeds 1 per fruit, globose, 3-lobed, yellow to brown, testa rugose, embryo cylindrical. 
Beaucarnea compacta
